A distinctive lithofacies sequence in marine sediment cores related to eustatic sea-level changes made it possible to determine the eruption age of the Aso-3 tephra, which was identified in marine cores taken from the Ulleung Basin, East Sea/Japan Sea, by its characteristic major element and mineral compositions and grain-size distribution.
I. Introduction
Many studies describe the nature of the Aso-3 eruption and the geochemical composition of Aso-3 tephra deposits found on Kyushu Island, Japan (Machida and Arai, 1992; Ono et al., 1996) . The Aso-3 tephra has been found at terrestrial (Okaguchi, 1978; Nagatomo, 1990; Matsumoto et al., 1991) , coastal (Machida, 1999; Shimoyama et al., 1999) , lake (Yoshikawa and Inouchi, 1993; Nagahashi, 2002) , and marine sites (Machida and Arai, 1992; Chun et al., 1998) . The reported eruption age of the tephra varies depending on the dating method used in terrestrial deposits [103±4.2 ka (fission track Okaguchi, 1978) ; 110±3 ka (thermoluminescence: Nagatomo, 1990 ); 123±6 ka (K-Ar: Matsumoto et al., 1991) ] and type of deposit [122 ka (Yoshikawa and Inouchi, 1993) and 135 ka (Nagahashi, 2002) in sediment cores from Lake Biwa; marine isotope stage (MIS) 5d (Machida, 1999) and below MIS 5e (Shimoyama et al., 1999) in Quaternary coastal deposits]. Thus, the eruption age of the Aso-3 tephra is still controversial in spite of extensive study during the last 25 years. However, knowing the eruption age of the Aso-3 is important for constructing age models for terrestrial, coastal, lake, and marine records.
The acquisition of 12-m-long marine cores from the Ulleung Basin, southwestern East Sea/Japan Sea (ES/JS) provided an opportunity to construct a tephrostratigraphy (Chun et al., 1997a (Chun et al., , 1998 and to reconstruct paleoenvironmental conditions (Han et al., , 2002 for the late Quaternary.
Moreover, marine cores from the ES/JS show distinctive lithofacies sequences reflecting glacio-eustatic sea-level changes Bahk, 1984-1985; KORDI, 1995; Chun et al., 1998; Tada et al., 1999) and provide stable isotopic (Oba et al., 1991; Kim et al., 2000) , geochemical (Han et al., 2002) , and paleontologic data (Koizumi, 1989; Oba et al., 1991; Itaki and Ikehara, 2003) for the period from the Holocene to the last interglacial transition. Furthermore, the marine cores contain widespread tephra layers. Consequently, the distinctive lithofacies sequence in marine cores associated with glacio-eustatic sea-level changes can be used to improve the resolution of the tephrostratigraphic age model. In this paper, we estimate the eruption age of the Aso-3 tephra by determining its stratigraphic relationship to this lithofacies sequence. We also report the geochemical, mineral compositions, and grain-size distribution of the Aso-3 tephra and its stratigraphic position in marine cores of the Ulleung Basin.
II. Geologic and oceanographic setting
The Ulleung Basin is located in the southwestern ES/JS, where the Tsushima Warm Current (TWC) flows in from the northwest Pacific Ocean. The basin is bounded by the shallow, narrow strait to the south and the continental shelf to the west and by topographic highs to the north (Korea Plateau) and east (Oki Bank) (Fig. 1) . The Ulleung Basin is connected to the Japan Basin only by the deeper, narrow Ulleung interplain gap (UIG). Abrupt paleoenvironmental changes in the Ulleung Basin occurred during the late Quaternary as a result of the sudden connection or disconnection of the basin with the open sea by eustatic sea-level changes resulting in the opening and closing the strait.
Paleoceanographic and glacio-eustatic sealevel changes are well reflected in lithofacies changes in marine cores from the Ulleung Basin (Chun et al., a, 1998 . Also, many paleontological studies from the ES/JS report abrupt species changes during glacial to interglacial transitions (Koizumi, 1989; Oba et al., 1991; Kim et al., 2000; Itaki and Ikehara, 2003) . The Ulleung Basin is strongly influenced by the inflow of the TWC during eustatic highstands, when hemipelagic sediments are strongly bioturbated under highly oxygenated bottom-water conditions (Chun, 2000) . Mass flows from the southern continental slope of the Ulleung Basin during eustatic lowstands formed a flat basin plain in the southern basin (Chough et al., 1997; Chun et al., 1997a) . The northern basin plain is dominated by the Ulleung deep-sea channel (UDSC), and massflow deposits abruptly decrease the thickness in marine cores taken from near the channel (Chun et al., 1998) .
The widespread tephras in Ulleung Basin sediments originated from Ulleung Island and from volcanos on Kyushu Island in southeastern Japan (Furuta et al., 1986; Machida and Arai, 1992) . Chun et al. (1998) reported a new tephra record from a submarine volcano on the Korea Plateau. However, little has been published regarding the timing and nature of volcanic events associated with this submarine volcano. The Aso-3 tephra has been previously reported in the marine cores from the northern Ulleung Basin (Machida and Arai, 1992; Chun et al., 1998) , but the precise relationship of the Aso-3 tephra to the lithofacies sequence associated with the glacio-eustatic sea-level changes has not been shown. Three marine cores (95PC-6, 95PC-9, and 95 PC-10) were obtained from the northern Ulleung Basin near the UDSC (Fig. 1, Table 1) . A fourth core, core 96EBP-7 was taken from the flat basin floor between Ulleung Island and the seamount (Fig. 1, Table 1 ). These cores were obtained by the Korea Ocean Research and Development Institute during the 1995 and 1996 cruises of the R/V Onnuri. Each sediment core was split vertically.
A half of each sediment core was used for analyses of sedimentary structures by X-radiography and of grain size.
The other half was used for tephra analyses. Tephra layers were disaggregated by an ultrasonic cleaner and embedded in epoxy resin. The grain-size analysis of the core sediments was conducted using standard sieves and a Micrometrics SediGraph 5100 grain-size analyzer. The glass and pumice shards were analyzed in thin section by an automated CAMECA SX-51 four-channel electron probe microanalyzer (EPMA) at Korea Basic Science Instutite to determine their major element compositions.
The acceleration voltage of the EPMA was 15 keV, and the specimen current was 12 nA. The beam diameter was 15cm, and major elements were counted every 10s. Mineral composition and grain morphology were also observed in thin section by EPMA and microscope. The repetitive GM-a lithof acies layers are closely associated with the homogeneous mud (HM-a) lithof acies, suggesting that they were deposited by fine-grained low-density turbidity currents (Stow and Piper, 1984; Bahk, 1984-1985) . The GM-b lithofacies may have been deposited from solitary layer of intermittent turbidity currents. These turbidity currents were generated below the mud line (Stanley et al., 1984) on the southern continental slope (Chough et al., 1997; because the turbidites deposited during the glacial period are much thicker in the southern basin plain sediments (291.5cm thick in core 95 PC-2; Chun et al., 1997a) than in the northern sediment cores (29.3cm thick in core 95PC-9: In some cases, abundant planktonic f oraminifer tests are found in the lower part of the CLM-a lithofacies. The CLM-a lithofacies is olive black (5Y3/2) and ranges in thickness from 1 to 9cm. The CLM-b lithofacies is black II (Penultimate Deglaciation) Eruption of the Aso-3 Tephra 103 or brownish black (5Y2/1 or 10YR3/1) and occurs in association with the bioturbated mud (BM) (Fig. 2) . The CLM lithof acies originated from hemipelagic settling during dysaerobic or euxinic bottom conditions (Bull and Kemp, 1996) . The "dark" (Nakajima et al ., 1996) or "TL" layer (Tada et al., 1999) , which is widespread in the ES/JS, correlate to this lithofacies. In particular, the deposits that accumulated under euxinic bottom conditions during the LGM belong to the CLM-a lithof acies. The upper boundary of the lithof acies is frequently erosional where it is overlain by turbidity current (GM-a) deposits.
3) Bioturbated mud The bioturbated mud (BM) lithofacies is subdivided into three subfacies on the basis of sediment color and biogenic structures. The BM-a lithofacies is composed of grayish olive (5Y4/2) bioturbated mud characterized by hollow or sediment-filled tube burrows and lacking pyrite filaments. The burrows are 0.5-1.0cm in diameter and are randomly oriented. It occurs in core 95PC-9, mainly from the core top to 124.5cm deep, above the Ulleung-II tephra (U-Oki: Fig. 3-a) , and also between 815 and 896cm depth.
The BM-b lithofacies is composed of gray (5Y4/1) bioturbated mud characterized on X-radiographs by extensive pyrite filaments . Pyrite filaments less than 0.2cm in diameter can be discerned on Xradiographs, and others from 1 to 2cm in diameter were observed on sediment slabs. The BM-b lithofacies is underlain by graded mud (GM-a) with sharp boundaries and overlain by the BM-a lithofacies.
This facies ranges in thickness from 80 to 110cm.
BM-c is a gray (5Y6/1) bioturbated mud facies, 5-20cm thick.
Pyrite filaments between 0. 1 to 0.2cm thick are frequent on Xradiographs.
Between the AT and SKP-III tephras (Fig. 2) , it is associated with very dark gray crudely laminated mud (CLM-b).
The BM-a lithofacies is found in the uppermost part of cores, where they are interpreted as hemipelagic sediments deposited in oxic bottom waters inhabited by suspension feeders and deposit feeders (Ekdale, 1977 ) during the Holocene sea-level rise. The BM-a lithofacies also occurs from 815 to 896 cm in core 95PC-9, suggesting that these sediments were also deposited under oxic bottom-water conditions. The BM-b and BM-c lithofacies are related to suboxic bottom-water conditions (Wilkin and Barnes, 1997) . Authigenic framboidal pyrite filaments generally suggest continuous sulfatereducing conditions (Thomsen and Vorren, 1984) . The HM-a lithofacies is closely associated with graded mud (GM-a), suggesting that it was deposited during the waning stage of repeated low-density turbidity currents Bahk, 1984-1985; Stow and Piper, 1984) . This facies is thicker in the basin plain away from the southern continental slope (Chun, 2000) . The HM-b lithofacies may have been originated from hemipelagic settling under dysaerobic condition where supply of planktonic foraminifera was suppressed.
2. Distribution and characteristics of tephras in the northern Ulleung Basin cores Ten tephra layers have been found in the marine sediment cores from the northern Ulleung Basin (Fig. 2) . They have been divided into four tephra groups, the Ulleung, SKP, Aira, and Aso groups, in accordance with their source volcanoes (Furuta et al., 1986; Machida and Arai, 1992; Chun et al., 1998; Chun, 2000) . Individual tephra layers can be identified by their major element composition, mineral composition, texture, and stratigraphic position.
1) Ulleung group
Two tephras [Ulleung-I and Ulleung-II (UOki)] derive from the Ulleung Island volcano. The Ulleung tephras consist mainly of white vesiculate pumice grains (Fig. 4-a) originated from phonolitic or trachytic alkaline magma characterized by low silica (59.0-62.3wt%) and high alkali (11-15wt%) contents (Chun et al., 1997a (Chun et al., , 1998 . The Ulleung-I tephra consists only of scattered pumiceous lapilli and has lateral continuity in the Ulleung Basin. The Ulleung-I tephra occurs within a BM-a lithofacies in the upper part of each core (Fig. 2) . The Ulleung-II tephra is characterized by a sharp lower and diffuse upper boundary and typically occurs in the boundary region between BM-a and BM-b lithofacies (Fig. 2) . This tephra is divided into two units: a lower unit exhibiting grading and an upper unit with scattered pumiceous lapilli.
The Ulleung tephras are typically composed of pyroclastic pumice lapilli transported directly by strong westerly winds from Plinian to sub-Plinian eruptions of the Ulleung Island volcano (Machida and Arai, 1992; . The Ulleung-I tephra has been extensively scattered and reworked by burrowing benthic organisms. The Ulleung-II tephra originated from the most explosive among the post-caldera eruptions of the Ulleung Island volcano (Chun et al., 1997b) . The lower unit of the Ulleung-II tephra (Chun et al., 1997b ) is correlated with the U-Oki tephra (Machida and Arai, 1992 ) which erupted at 10.69 ka (Tada et al., 1999) . Because of poor preservation, the age and stratigraphic relationships of the Ulleung-I and other Ulleung tephras in the marine sediment cores from the Ulleung Basin are not well understood.
2) SKP group Four tephras (SKP-I, -II, -III, and -IV) derive from a submarine volcano on the south Korea Plateau (SKP). The SKP volcano was identified by the spatial distribution of the tephras, 3.5-kHz subbottom profile data, and magnetic anomalies (Chun, 2000) . The SKP tephras consist mainly of pumice lapilli and fine scoria grains (Fig. 4-b) . Like the Ulleung tephras, they originate from phonolitic or trachytic alkaline magma with low silica (58.8-63.9wt%) and high alkali (11.6-15.4wt%) contents, but their TiO2, MgO, and CaO contents are lower than those of the Ulleung tephras, and their *FeO content is comparatively high (Chun et al., 1998; Chun, 2000) . The SKP-I and -II tephras occur in succession between the AT and Aso-4 tephras, and the SKP-III and -IV tephras are located stratigraphically between the Aso-4 and Aso-3 tephras (Fig. 2) . The SKP-IV tephra is found near the upper boundary of the BM-b lithofacies (Fig. 3-d) . The SKP tephra layers are thicker in cores from the Korea Plateau (for example, maximum 89.3cm in core 96 EBP-2: Chun, 2000) (Fig. 1 ) than in those from the Ulleung Basin.
The distinctly bimodal grain-size distribution (Chun et al., 1998) and the thick-walled vesicles with hydrothermal cracks indicate that the SKP tephras originated under the highhydrostatic-pressure conditions characteristic of submarine volcanic eruptions (Cashman and Fiske, 1991; Heiken and Wohletz, 1991) . The specific volcanic processes involved, however, and the eruption ages of the SKP tephras are still unknown.
3) Aira group The AT tephra was derived from the Aira caldera, Kyushu Island, Japan. The tephra consists mainly of platy glass shards that originated from rhyolitic subalkaline magma with high silica (74.7-78.8wt%) and low alkali (6.7-7.3wt%) contents (Machida and Arai, 1992; Chun et al., 1997a Chun et al., , 1998 from the explo- sive eruption of the Aira caldera (Machida, 1999) at 29.24 ka (Kitagawa and van der Plicht, 1998) . The AT tephra is the most prominent tephra in the Ulleung, Yamato, and Japan Basins (Machida and Arai, 1992; Chun et al., a, 1998 , but it occurs only in core 96EBP-7 near the UDSC in the northern Ulleung Basin (Fig.  2 ). Bottom-current activity rather than mixing by bioturbation is probably responsible for its absence in the three cores (95PC-6, 95PC-9 and 95PC-10) (Chun et al., 1998) . 4) Aso group Two tephras (Aso-4 and Aso-3: Figs. 4-c and 4-d) derive from the Aso caldera, Kyushu Island, Japan. The Aso-3 tephra was identified in only a few among 48 marine cores taken from the northern Ulleung Basin; it is found between 904.5 and 905.6cm, 950.4 and 953.1 cm, and 912 and 913.8cm depth in cores 95PC-6, 95PC-9, and 95PC-10, respectively (Fig. 2) . The Aso-3 tephra is intercalated within thickbedded gray bioturbated mud (BM-b) (Fig. 3-e) . The Aso-3 tephra is typically composed of pumice shards (Fig. 5-b) with minor cuspate glass shards, whereas the Aso-4 tephra consists mainly of cuspate glass shards (Fig. 5-a) . The Aso-3 tephra has relatively low silica (67.2-68.6wt%) and alkali (8.0-8.3 wt%) contents compared with the Aso-4 tephra (70-71.2wt% silica and 8. 3-8.9wt% alkali) (Table  2) . TiO2, Al2O3, *FeO, MgO, CaO contents are lower than those of the Aso-4 tephra (Fig. 6,  Table 2 ). The Aso tephras are co-ignimbrites (Machida and Arai, 1992) from rhyolitic alkaline or subalkaline magma (Fig. 6, Table 2 ). The age of Aso-4 tephra is 87 or 89 ka (Yoshikawa and Inouchi, 1993 ; Matsumoto, 1996) . The grainsize distribution of the two Aso tephras in cores 95PC-6 and 95PC-9 is unimodal, but the Aso-3 tephra is finer grained (median diameter, V. Discussion Fine-grained turbidity currents from the southern continental slope of the Ulleung Basin were generated repeatedly during sealevel lowstands Bahk, 1984-1985; Chough et al., 1997 ; . We identify the GM-a/HM-a lithofacies with the turbidites thus formed. We interpret overlying BM-b lithofacies as deglaciation sediments, and we identify the boundary between deglaciation and interglacial sediments by a distinctive change in lithology from thick-bedded gray bioturbated mud with pyrite filaments (BM-b facies ; deposited in a suboxic environment) to thick-bedded grayish olive bioturbated mud with hollow tube burrows (BM-a facies ; deposited in an oxic environment). The distinctive lithofacies changes in the marine cores during the deglaciation to interglacial transitions are interpreted as reflecting changes in the bottom-water properties of the ES/JS before the inflow of the TWC, because the boundary corresponds to a radiolarian bioevent made possible by a ventilation change (Itaki and Ikehara, 2003) . This distinctive lithofacies sequence, GM-a to BM-b to BM-a, thus reflects ventilation changes that occurred during deglaciation and interglacial stages and the turbidity flows associated with glacial stages in the Ulleung Basin.
This sequence is found in the Ulleung Basin sediments deposited from MIS 6 to 5e (Termination II) and is repeated in those deposited from MIS 2 to 1(Termination I). In the Ulleung Basin, the Aso-3 tephra occurs only a few cores (e. g., 95PC-6, 95PC-9, and 95PC-10), where a relatively low and constant sedimentation rate resulted from bottom-current activity or small turbidity flows (Chun et al., 1998) . It is found in bioturbated mud (BM-b lithofacies) overlying the thick-bedded fine-grained turbidites deposited during MIS 6. Thus the lower sequence may be correlated to sediments deposted from MIS 6 to 5 e. If this is correct, the Aso-3 tephra was erupted during the penultimate deglaciation (Termination II; Lototskaya and Ganssen, 1999; Kukla et al., 2002) after the MIS 6 glaciation.
Terrestrial, coastal, and lake records (Okaguchi, 1978; Nagatomo,1990; Matsumoto et al., 1991; Yoshikawa and Inouchi, 1993; Machida, 1999; Shimoyama et al., 1999; Nagahashi, 2002) indicate that the Aso-3 tephra was deposited around MIS 5 d to 6, but the precise age of the Aso-3 tephra is still controversial in spite of the numerous chronostratigraphic studies of terrestrial, coastal, and lake records. We propose an eruption age for the Aso-3 tephra by interpreting this distinctive lithofacies sequence as corresponding to eustatic sea-level fluctuations. We are able to interpolate its age because the dates of the beginning and end of the penultimate deglaciation period are well known, and by assuming that the top of the deglaciation sediments (BM-b lithofacies) con taming the Aso-3 tephra corresponds to the end of the Termination II deglaciation.
The Ulleung-II (U-Oki: 10.69 ka) tephra oc curs close to the boundary between sediments of the last deglaciation and those of the inter glacial (Holocene) period (Figs. 3-a and 8-a) Thus, the age of the upper boundary of the last deglaciation sediments (BM-b lithofacies) is es timated as 10.69ka. The lower boundary of the sediments deposited during the last deglacia tion is the top of the LGM turbidites. An AMS 1 4C date of ca . 15.09ka (Han et al., 2002 ) is avail able from the uppermost part of the LGM turbidites, at a depth of 308cm in core 95PC-4 (Fig. 1) . The LGM turbidites correlate stratigraphically with the TL 2 layer (Tada et al., 1999) in cores from the Yamato Basin and Oki Ridge. This layer is reported to disappear at 17.67ka (Tada et al., 1999) and is thought to be synchronous throughout the ES/JS (Ikehara et al., 1994; Tada et al., 1999) . Furthermore, Kim et al. (2000) noted the similarity between the oxygen isotope curves for the sediments from the LGM to mid-Holocene in the Ulleung Basin and those reported for Oki Ridge by Oba et al. (1991) , and suggested an age of 17.6ka for the boundary between the LGM and the sediments of the last deglaciation in the Ulleung Basin. Consequently, the lower boundary of the sediments of the last deglaciation is inferred to rates (on average 13.45cm/kyr) calculated for deglaciation sediments among the cores 95PC-6, 95PC-9, and 95 PC-10 ( Fig. 8-b) . Lithofacies changes can be used to date the Aso-3 tephra only in depositional settings where the distinctive lithof acies changes associated with deglaciation ventilation events are preserved. Evidence for the relative intensity and duration of Termination I and Termination II in the Ulleung Basin, however, is still unclear, so the age model for the Aso-3 tephra proposed in this study may include stratigraphic error (several thousand years) deriving from difference between the Termination I and Termination II.
The explosiveness of the Aso-3 eruption is interpreted from the thickness and median grain size of the tephra deposit to have been less than that of the Aso-4 eruption, but the Aso-3 tephra may extend more widely than is currently known (Machida and Arai, 1992) . Thus, this estimation may reflect a deficiency of data rather than a weak eruption.
VI. Conclusions
The Aso-3 tephra was erupted from the Aso caldera, Kyushu Island, Japan, about 133ka during the penultimate deglaciation (Termination II) period. The Aso-3 tephra occurs in only a few cores in the northern Ulleung Basin within penultimate deglaciation sediments, which are usually underlain by lowstand turbidites (MIS 6) and overlain by highstand sediments (MIS 5e) in the Ulleung Basin cores.
In these marine cores, a distinctive lithof acies sequence caused by the glacio-eustatic sealevel changes occurred during glacial-deglaciation-interglacial transitions: turbidites (GMa/HM-a)-suboxic bioturbated mud (BM-b)-oxic bioturbated mud (BM-a). The Aso-3 tephra is distinguished from other tephras (Ulleung group, SKP group, Aira group, or Aso-4 tephra) by grain-size compositions, grain morphology, and major element composition. The Aso-3 tephra, however, is a useful marker in terrestrial, coastal, lake, and marine records for the penultimate deglaciation (Termination II) period marking the glacial to interglacial transition. Further work should date the Aso-3 tephra and the associated paleoenvironment changes more precisely.
